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Patients surviving severe brain injury may regain consciousness without recovering their ability to understand, move and
communicate. Recently, electrophysiological and neuroimaging approaches, employing simple sensory stimulations or verbal
commands, have proven useful in detecting higher order processing and, in some cases, in establishing some degree of com-
munication in brain-injured subjects with severe impairment of motor function. To complement these approaches, it would be
useful to develop methods to detect recovery of consciousness in ways that do not depend on the integrity of sensory pathways
or on the subject’s ability to comprehend or carry out instructions. As suggested by theoretical and experimental work, a key
requirement for consciousness is that multiple, specialized cortical areas can engage in rapid causal interactions (effective
connectivity). Here, we employ transcranial magnetic stimulation together with high-density electroencephalography to evaluate
effective connectivity at the bedside of severely brain injured, non-communicating subjects. In patients in a vegetative state,
who were open-eyed, behaviourally awake but unresponsive, transcranial magnetic stimulation triggered a simple, local re-
sponse indicating a breakdown of effective connectivity, similar to the one previously observed in unconscious sleeping or
anaesthetized subjects. In contrast, in minimally conscious patients, who showed fluctuating signs of non-reflexive behaviour,
transcranial magnetic stimulation invariably triggered complex activations that sequentially involved distant cortical areas ipsi-
and contralateral to the site of stimulation, similar to activations we recorded in locked-in, conscious patients. Longitudinal
measurements performed in patients who gradually recovered consciousness revealed that this clear-cut change in effective
connectivity could occur at an early stage, before reliable communication was established with the subject and before the
spontaneous electroencephalogram showed significant modifications. Measurements of effective connectivity by means of
transcranial magnetic stimulation combined with electroencephalography can be performed at the bedside while by-passing
subcortical afferent and efferent pathways, and without requiring active participation of subjects or language comprehension;
hence, they offer an effective way to detect and track recovery of consciousness in brain-injured patients who are unable to
exchange information with the external environment.
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Introduction

The level of consciousness of patients who survive severe brain
injury is assessed clinically based on their ability to interact with
the environment and communicate. Patients who, after careful
testing, remain unresponsive to the environment even though
their eyes may be open, are considered unconscious or in a vege-
tative state (Jennett and Plum, 1972; Royal College of Physicians,
1994). The appearance of non-reflexive behaviours, such as visual
tracking or responding to simple commands, is considered a suffi-
cient clinical criterion for a minimally conscious state (Giacino
et al., 2002, 2004), while functional communication marks the
unambiguous emergence of consciousness (emergence from mini-
mally conscious state). As a result of concurrent motor impair-
ments, however, it may happen that brain-injured patients
recover consciousness but are unable to signal it behaviourally
(Giacino et al., 2009; Schnakers et al., 2009). For this reason,
electrophysiological (Kotchoubey et al., 2005; Fellinger et al.,
2011) and neuroimaging protocols (Owen et al., 2006; Monti
et al., 2010a) have been developed to probe for signs of aware-
ness even in patients who are completely unable to move. In these
protocols, subjects are instructed with verbal commands to enter
and sustain specific mental states (such as imagining to play
tennis) while their brain activity is recorded; in this way, a patient
can signal that she/he is aware by producing specific neural re-
sponses and may, in exceptional cases, establish a basic form of
communication (Monti et al., 2010a). These mental imagery tasks
require high-order cognitive abilities and can be very demanding
for many brain-injured subjects; thus, patients in a minimally con-
scious state (Monti et al., 2010a), as well as locked-in patients
(Bardin et al., 2011), may fail the test resulting in a significant rate
of false negatives. Event-related EEG potentials elicited by simpler
sensory (auditory) stimulations, such as P3b, N400, P3a and mis-
match negativity, involve lower cognitive resources compared to
mental imagery tasks; for example, while the late P3b requires that
subjects intentionally pay attention to a target stimulus, the mis-
match negativity is an early, automatic reaction to a deviant stimulus
that is generated at the pre-attentive level. Although these compo-
nents can be absent in patients who show behavioural signs of con-
sciousness (Kotchoubey et al., 2005; Fischer et al., 2010; Holler
et al., 2011), detecting them in non-responsive subjects is clearly
informative. In these particular cases, similarly to functional MRI
active paradigms, late event-related EEG potential components,
such as P3b, can reveal the recovery of residual cognitive function
in patients that are otherwise unresponsive (Schnakers et al., 2008;
Faugeras et al., 2011). More generally, event-related EEG potentials
allow assessment of the integrity of sensory processing at different
hierarchical levels (Kotchoubey et al., 2005; Boly et al., 2011); as
such, event-related EEG potentials recorded in the early stages of
coma are a good predictor of outcome (Fischer et al., 2004,
Daltrozzo et al., 2007; Wijnen et al., 2007; Luaute et al., 2010;
Duncan et al., 2011; Faugeras et al., 2011).

In parallel to event-related EEG potential recordings and active
paradigms, it would be useful to develop more sensitive methods
to detect recovery of consciousness that do not depend on the
integrity of sensory and motor pathways nor on the subject’s abil-
ity to comprehend or carry out instructions. Theoretical consider-
ations (Tononi, 2004; Laureys, 2005; Dehaene et al., 2006;
Tononi and Koch, 2008; Seth et al., 2008) as well as experimental
data (Del Cul et al., 2007; Alkire et al., 2008) suggest that a basic
requirement for consciousness is that multiple, specialized areas of
the thalamocortical system can engage in rapid causal interactions
(effective connectivity). One way to gauge effective connectivity
among thalamocortical modules involves perturbing directly a
subset of cortical neurons with transcranial magnetic stimulation
(TMS) and recording the reaction of the rest of the brain with
millisecond resolution by means of EEG (llmoniemi et al., 1997
Litvak et al., 2007; Morishima et al., 2009; Akaishi et al., 2010;
Casali et al., 2010). When consciousness is present, the thalamo-
cortical system should respond to TMS with a complex pattern of
activation, involving different cortical areas at different times; con-
versely, it should react with a simple response that remains loca-
lized to the stimulated area if consciousness is reduced (Alkire
et al., 2008; Massimini et al., 2009a). In a recent series of experi-
ments these hypotheses were tested during wakefulness, deep
sleep and anaesthesia. In healthy awake subjects, TMS induced
a sustained EEG response involving the sequential activation of dif-
ferent brain areas and affecting much of the cortex (Massimini
et al., 2005). In contrast, after loss of consciousness induced by
general anaesthesia (Ferrarelli et al., 2010), TMS pulses invariably
produced a simple response that remained localized to the site of
stimulation, indicating a breakdown of effective interactions
among thalamocortical modules. A similar breakdown of effective
connectivity was observed during slow wave sleep early in the
night (Massimini et al., 2005), when subjects report little or no
conscious content upon awakening (Hobson et al., 2000).
Importantly, during rapid eye movement sleep, when subjects
are unresponsive to sensory stimuli and virtually paralysed but
report vivid dreams upon awakening, the cortical response to
TMS recovered its complexity and became similar to that observed
during wakefulness (Massimini et al., 2010).

In the present work we employed TMS/EEG to measure ef-
fective connectivity at the bedside of 17 patients who evolved
from coma into different clinical states (vegetative state, min-
imally conscious state, emergence from minimally conscious
state and locked-in syndrome). We predicted that measuring
effective connectivity should reliably discriminate between pa-
tients in a vegetative state and patients in a minimally con-
scious state with a stable clinical diagnosis (between-subject
comparisons) and that a clear-cut resumption of causal inter-
actions should be detectable in the brains of patients who
gradually regain consciousness and functional communication
(within-subject comparisons).
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Materials and methods

Patients

The study was approved by the Ethics Committee of the Medicine
Faculty of the University of Liege. Written informed consents were
obtained by the patient’s legal surrogates and consents were obtained
directly from the patients when they recovered the ability to
communicate.

We performed a first set of TMS/EEG experiments (single session)
in a group of 12 patients (Group I: five females; mean age + SD:
50.3 £ 26.21; for more details see Supplementary Table 1). These pa-
tients were behaviourally evaluated by means of the Coma Recovery
Scale-Revised (CRS-R; Giacino et al., 2004). Evaluation sessions took
place four times a week (evaluation week), every other day. These
repeated evaluations were carried out in order to avoid diagnostic
errors due to fluctuations in responsiveness and to obtain a stable
clinical diagnosis. Five patients of Group | (Patients 1-5), showed
only reflexive behaviour and were diagnosed as vegetative state
during the four behavioural evaluations. Five patients (Patients 6-10)
satisfied the CRS-R criteria for minimally conscious state in at least
three evaluations, including the one performed on the day of the
TMS/EEG session (reported in Supplementary Table 1). The two re-
maining patients (Patients 11 and 12) could communicate reliably and
were diagnosed with locked-in syndrome. The vegetative and minim-
ally conscious state subgroups did not differ systematically in aetiology
and time from injury (Supplementary Table 1); in particular, Group |
included three chronic patients, one vegetative state (Patient 5: 172
days from injury), one minimally conscious state (Patient 8: 1334 days
from injury) and one locked-in syndrome (Patient 12: 1399 days from
injury).

A second group of five patients (Group II: three females; mean
age + SD: 51.2 +23.05; for more details see Supplementary Table
2) were recruited from intensive care; these patients underwent lon-
gitudinal TMS/EEG measurements (Sessions 1-3) as they awakened
from coma and progressed towards different clinical states. As as-
sessed by the CRS-R, three of these patients (Patients 13-15) re-
covered consciousness evolving from a vegetative state, through a
minimally conscious state to emergence from minimally conscious
state, while two patients (Patients 16 and 17) remained in a vegeta-
tive state. Session 1 was performed in all cases, at least 48h after
withdrawal of sedation, when patients exited from coma and entered
the vegetative state. In the three subjects (Patients 13-15) who re-
covered, Session 2 was performed on the day after they transitioned
from vegetative to minimally conscious state (however, Patient 15
temporarily slipped back into a vegetative state); in the two patients
who did not recover (Patients 16 and 17), Session 2 was performed
after 1 month. Session 3 was performed only in the three patients
who recovered, after they regained functional communication and
emerged from a minimally conscious state (emergence from minimally
conscious state).

In summary, we first performed experiments in Group | patients in
order to test whether TMS/EEG measures of effective connectivity are
able to discriminate between unconscious (vegetative state) and con-
scious (minimally conscious state, locked-in syndrome) patients with a
clear, stable clinical diagnosis (across-subjects comparisons). Then, we
recruited Group Il patients in order to test, by means of repeated
measures, whether changes in effective connectivity are also detect-
able over time in the brains of individual patients who recover con-
sciousness (within-subjects comparisons).
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Transcranial magnetic stimulation
targeting and stimulation parameters

A single TMS/EEG session consisted of up to five TMS/EEG measure-
ments that differed either for the site or the intensity of stimulation.

Cortical targets were identified on CT scans acquired with a Siemens
Senatom Sensation 16. The TMS stimulator consisted of a Focal
Bipulse figure-of-eight coil (mean/outer winding diameter ~50/
70mm, biphasic pulse shape, pulse length ~280 s, focal area of the
stimulation 0.68cm?) driven by a Mobile Stimulator Unit (eXimia TMS
Stimulator, Nexstim Ltd.). We controlled TMS parameters by means of
a Navigated Brain Stimulation system (Nexstim Ltd.) that employed a
3D infrared tracking position sensor unit to locate the relative positions
of the coil and subject's head within the reference space of individual
CT scan. Navigated brain stimulation also calculated, online, the dis-
tribution and the intensity (expressed inV/m) of the intracranial elec-
tric field induced by TMS. The location of the maximum electric field
induced by TMS on the cortical surface (hot spot) was always kept on
the convexity of the targeted gyrus with the induced current perpen-
dicular to its main axis. At least 300 trials were collected for each
stimulation site. Stimulation was delivered with an interstimulus inter-
val jittering randomly between 2000 and 2300 ms (0.4-0.5Hz), at an
intensity ranging from 140V/m up to 200V/m on the cortical sur-
face; TMS pulses within this range are largely above the threshold
(50V/m) for an EEG response (Komssi et al., 2007; Rosanova et al.,
2009; Casali et al., 2010). The CT-guided intracranial electric field
estimation was a crucial step during the experimental procedure;
due to shifts of intracranial volumes in brain-injured patients, it is
difficult to assess whether TMS is on target and effective based on
extra-cranial landmarks alone and this may result in false-negatives
(absence of EEG response due to missed target or sub-threshold
stimulation).

The reproducibility of the stimulation coordinates, within and across
sessions (Group I1), was guaranteed by a software aiming device that
indicated, in real-time, any deviation from the designated target
>3 mm. As shown by previous works (Casali et al., 2010; Casarotto
et al., 2010), this device ensures high test-retest reproducibility in
longitudinal TMS/EEG measurements.

By means of the navigated brain stimulation, TMS was targeted to
four cortical sites: the left and right medial third of the superior parietal
gyrus and the left and right medial third of the superior frontal gyrus.
These cortical targets were selected for the following reasons: (i) they
are easily accessible and far from major head or facial muscles whose
unwanted activation may affect EEG recordings; (ii) the posterior par-
ietal cortex as well as its interactions with more frontal areas, is
thought to be particularly relevant for consciousness (Laureys et al.,
2004); and (iii) previous TMS/EEG studies have been successfully per-
formed in these areas during wakefulness (Rosanova et al., 2009),
sleep (Massimini et al., 2005, 2007) and anaesthesia (Ferrarelli
et al., 2010). In practice, all four cortical sites were not always access-
ible in all subjects due to skull breaches or external drain derivations. In
these cases, TMS/EEG measurements were restricted to two or three
cortical sites. In all cases, we avoided stimulating over focal cortical
lesions that were clearly visible in CT scans, since the EEG response of
these areas may be absent or unreliable.

Electroencephalogram recordings

Both TMS/EEG measurements and spontaneous EEG recordings were
performed using a TMS-compatible 60-channel amplifier (Nexstim
Ltd). This device prevents amplifier saturation and reduces, or
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abolishes, the magnetic artefacts induced by the coil's discharge
(Virtanen et al., 1999). To further optimize TMS compatibility, the
impedance at all electrodes was kept <5kQ. EEG signals were refer-
enced to an additional electrode on the forehead, filtered (0.1-500 Hz)
and sampled at 1450Hz. Two extra sensors were used to record
the electrooculogram. In the present study, most recordings were
free from TMS-induced magnetic or electric artefacts and in all
cases the EEG response was artefact-free starting from ~10ms after
stimulation.

Besides the magnetic artefact, other factors may confound the in-
terpretation of TMS-evoked potentials, if not adequately controlled
for. For example, TMS may directly stimulate or activate trigeminal
sensory afferents and head muscles evoking somatosensory potentials
or muscle potentials, respectively. Moreover, the ‘click’ associated with
the coil's discharge propagates through air and bone possibly inducing
auditory evoked potentials. In the present experiments, as in previous
studies (Massimini et al., 2005; Ferrarelli et al., 2008; Rosanova et al.,
2009), we have applied the following procedures in order to eliminate,
or control for, these confounding factors. (i) Trigeminal stimulation and
muscle artefacts were minimized by placing the coil on a scalp area
close to the midline, far away from facial or temporal muscles and
nerve endings; (ii) to prevent contamination of TMS-evoked EEG po-
tentials by the auditory response to the coil's ‘click’, subjects wore
earphones through which a noise masking, reproducing the
time-varying frequency components of the TMS ‘click’, was played
throughout each TMS/EEG session. Additionally, in two patients,
sham stimulation was performed as in previous works (Massimini
et al., 2005; Rosanova et al., 2009) and demonstrated the absence
of auditory evoked potentials. Noise masking was also effective in
preventing TMS from causing blinks or eye muscle reactions; and
(iii) bone conduction of the TMS-associated ‘click’ was minimized by
placing a thin foam layer between the coil and the EEG cap. These
procedures ensure genuine EEG responses to direct cortical stimulation
with TMS. These responses reveal patterns of excitability and connect-
ivity that are specific for the site (Kahkonen et al., 2005a; Rosanova
et al., 2009; Casali et al.,, 2010), the angle (Bonato et al., 2006;
Casarotto et al.,, 2010) and the intensity of stimulation (Komssi
et al., 2004b; Kahkonen et al., 2005b; Rosanova et al., 2009).
During off-line data processing, all trials that contained spontaneous
blinks, eye movement, or muscle artefacts were rejected using an
automatic algorithm (Casali et al., 2010). After artefact rejection, 72
good TMS/EEG measurements were further analysed and were
included in the present study.

General experimental procedures

During each TMS/EEG session patients were lying on their beds,
awake and with their eyes open. If signs of drowsiness appeared,
recordings were momentarily interrupted and subjects were stimulated
using the CRS-R arousal facilitation protocols. Throughout every re-
cording session the stability of stimulation coordinates was continuous-
ly monitored. If the virtual aiming device was signalling a displacement
>4 mm, the session was interrupted and the coil was repositioned. At
the end of the experiment, the stimulation coordinates were recorded
and the electrodes positions were digitized.

Data analysis and statistics

Data analysis was performed using Matlab R2006a (The MathWorks).
First, TMS/EEG trials containing noise, muscle activity or eye move-
ments were automatically detected and rejected (Casali et al., 2010).
Then, EEG data were average referenced; down-sampled to half of the
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original sampling rate (725 Hz), band pass filtered (1-80 Hz) and base-
line corrected over 300ms prestimulus. After trials rejection, each
TMS-evoked response was obtained by averaging 150-250
artefact-free trials. In order to obtain the overall amount of electrical
activity induced by TMS, we calculated the global mean field power
(GMFP) (Lehmann and Skrandies, 1980) from the multichannel aver-
age signals as follows:

SK(Vi(t) — Vinean(®)?

GMFP(t) = P

where k is the number of channels, V; is the voltage measured with
channel i, and Vyea, is the mean of the measured voltages across
channels (average reference).

Effective connectivity is defined as the effect of the activation of a
subset of neurons on other neuronal groups (Friston, 2002). TMS/EEG
allows activating directly a subset of cortical neurons and recording the
immediate effects of this initial activation in the rest of the brain. Thus,
detecting significant TMS-evoked cortical activations (primary neuronal
currents) far away from the site of the initial perturbation provides a
coarse, but straightforward, indication of effective connectivity (Paus,
2005). In order to detect significant TMS-evoked cortical activations
we proceeded as follows. First, we detected primary currents by per-
forming source modelling. Statistical Parametric Mapping software
(SPM, freely available at http://www fil.ion.bpmf.ac.uk/spm) was
used to compute cortex, skull and scalp meshes (3004, 2000 and
2000 vertices, respectively) and to co-register these meshes with
EEG sensors positions by rigid rotations and translations of anatomical
landmarks (nasion, left tragus and right tragus). Conductive head
volume was modelled according to the three-spheres BERG method
(Berg and Scherg, 1994) as implemented in the Brainstorm software
package (http://neuroimage.usc.edu/brainstorm). Finally, the inverse
solution was computed on the average of all artefact-free TMS/EEG
trials using the minimum norm estimate with smoothness prior,
a method that has the advantage of requiring no a priori assump-
tion about the nature of the source distribution (Hamalainen
and llmoniemi, 1994) and of providing stable solutions also in the
presence of noise (Silva et al., 2004). Though the minimum norm
estimate tends to result in a blurred picture of cortical activation,
the location of the maximum estimated current has been shown to
reflect the location of the generator of neural activity with good
accuracy (<20mm) (Babiloni et al., 2000; Hauk, 2004; Komssi
et al., 2004a).

As in previous TMS/EEG works performed during sleep (Massimini
et al., 2005, 2007, 2010), we considered only the cortical activations
that corresponded to significant GMFP values (see Supplementary Fig.
1 for a graphical example). To assess the threshold for significance
(Supplementary Fig. 1), a bootstrap method (Delorme and Makeig,
2004; Lv et al., 2007; McCubbin et al., 2008), which does not
assume normal distribution of the observations, was applied by shuf-
fling the time samples of GMFP prestimulus activity (from —300 to
—50ms) at the single-trial level and by calculating 500 surrogated
prestimulus GMFP time-series. From each random realization, the
maximum value across all latencies was selected to obtain a maximum
distribution (control for type | error) and significance level was set at
P < 0.01. At each significant latency of the post-stimulus GMFP, the
location of maximum neuronal current (10 most active sources)
was detected on the cortical surface. Plotting and counting the sources
involved by maximum neuronal currents across all significant
time points in the first 300ms post-stimulus resulted in the cortical
maps and in the values reported in Figs 1-3 and Supplementary
Figs 1-3 and 5.
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According to this procedure, the number of detected sources is
small if TMS triggers neuronal activations (maximum currents) that
remain confined to the stimulated area during the entire post-stimulus
period. On the contrary, the number of detected sources is large
if TMS triggers maximum cortical currents that involve different cor-
tical areas at different times. In order to describe the time course
of TMS-evoked cortical activations in different areas, the currents
from a grid of six cortical sources (Fig. 1 and Supplementary Figs 1
and 2) were extracted and auto-scaled to the maximum value of
each session. Sources and time series of cortical currents were
colour-coded according to their anatomical location in six arbitrary
macro-areas.

Spontaneous electroencephalogram
recordings and analysis

The spontaneous EEG was recorded immediately before each TMS/
EEG session. Similarly to TMS/EEG recordings, EEG recordings were
obtained while subjects were behaviourally awake and with their
eyes open; if signs of drowsiness appeared, the recordings were
momentarily interrupted and patients were stimulated according to
the CRS-R arousal facilitation protocol. Hence, all recordings were pre-
sumably carried out during a state of high activation of brainstem
arousal systems. Continuous EEG acquisitions were split into 5-s
epochs. Based on an automatic procedure (Casali et al., 2010),
epochs displaying electrooculogram deflections exceeding 70 uV (indi-
cating ocular activity) and/or absolute power of EEG channel F8 in the
fast beta range (>25 Hz) exceeding 0.9 nV2/Hz (indicating activity of
fronto-temporal muscles) (van de Velde et al., 1998) were rejected.
After epochs rejection the average overall duration of retained epochs
was 133.67s (min: 125s; max: 170s). In order to be consistent across
subjects, we restricted the analysis to the first 2 min of artefact-free
EEG recorded in each patient. Following EEG filtering (1-40Hz) and
channels rejection, Fast Fourier Transform (FFT) was performed and
each frequency bin was normalized to total power. The obtained
power spectral densities were then subdivided into standard EEG fre-
quency bands (8, 1-4Hz; 6, 4-8Hz; «, 8-12Hz; and B, 12-25Hz).
At the group level, differences between conditions (vegetative state,
minimally conscious state and locked-in syndrome-emergence from
minimally conscious state) were tested by performing separately for
each frequency band a one-way ANOVA, followed by post hoc
Bonferroni corrected t-test. In the five subjects who underwent longi-
tudinal recording sessions (Group Il) and in the two patients recorded
both during behavioural sleep and wakefulness, changes in the EEG
spectrum were assessed statistically at the individual level by means of
a two tailed paired t-test.

Results

Using a TMS-compatible 60-channel EEG amplifier we recorded
TMS-evoked EEG potentials in 17 patients. In each subject, we
performed different stimulation/recording sessions during which
we targeted the parietal lobe (superior parietal gyrus) and the
frontal lobe (superior frontal gyrus) bilaterally. In total, 72 stimu-
lations were successfully performed and analysed. During all
stimulation/recording sessions patients were lying on their beds,
awake and with their eyes open.

M. Rosanova et al.

Measuring cortical effective
connectivity allows single subject
discrimination between vegetative
patients and patients who show some
level of consciousness

Building on previous measurements performed in awake, sleeping
(Massimini et al.,, 2005, 2010) and anaesthetized subjects
(Ferrarelli et al., 2010), we first tested the ability of TMS/EEG to
discriminate between consciousness and unconsciousness in brain-
injured patients. A group of 12 patients (Group I) underwent a
TMS/EEG session after 1 week of repeated behavioural evalu-
ations by means of the CRS-R (Giacino et al., 2004). Five subjects
from this group showed only reflexive behaviour, remained unre-
sponsive to the environment during the whole observation period
and were diagnosed in a vegetative state (Supplementary Table 1).
As shown in Fig. 1A and Supplementary Fig. 2A, TMS evoked a
slow, positive-negative EEG response in all patients in a vegetative
state except for one anoxic patient (Patient 4) in whom no re-
sponse could be elicited even when TMS was delivered at high
intensity (200V/m) in both hemispheres (Supplementary Fig. 2A
and 4). The coloured maps show, for each subject, the cortical
sources that were involved by TMS-evoked maximum neuronal
currents during the significant intervals of the post-stimulus
period (0-300ms) (see ‘Materials and methods’ section and
Supplementary Fig. 1 for details about the statistical procedure).
At the right side of each map the number of detected sources is
reported together with the time series of neuronal currents re-
corded from six selected cortical areas (Supplementary Fig. 1). In
all patients in a vegetative state, TMS elicited maximum cortical
currents that remained localized during the entire significant
post-stimulus period, involving a small number of sources around
the stimulated area. The stereotypical, local positive-negative
wave triggered by TMS in patients in a vegetative state closely
resembled the one previously observed during deep sleep
(Massimini et al., 2005) and anaesthesia (Ferrarelli et al., 2010),
when subjects, if awakened, report little or no conscious experi-
ence. Thus, TMS/EEG measurements revealed a substantial impair-
ment of inter-areal causal interactions in the brain of patients who
were  open-eyed, awake but presumably
unconscious.

Five subjects of Group | satisfied the CRS-R criteria for a minimally
conscious state during the observation period (Supplementary Table
1). These patients showed fluctuating signs of non-reflexive reac-
tions to external stimuli (such as visual pursuit or responses to simple
commands) but were unable to communicate reliably with the
examiners. In these cases, TMS invariably triggered a complex
EEG response associated with a rapidly changing pattern of cortical
activation, where maximum neuronal currents shifted over time
from the stimulated site to a large number of distant sources
(Fig. 1B and Supplementary Fig. 2B). This pattern contrasted starkly
with the local, simple wave recorded in patients in a vegetative state
and was, instead, comparable to the one obtained in two subjects
with locked-in syndrome (Fig. 1C and Supplementary Fig. 2C).
Subjects with locked-in syndrome, though being largely paralysed

behaviourally
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Figure 1 TMS-evoked cortical responses in Group | patients. A group of five vegetative state (VS, A), five minimally conscious state
(MCS, B), and two patients with locked-in syndrome (LIS, C) underwent one TMS/EEG session after 7 days of repeated evaluations by
means of the CRS-R. For each patient, the averaged TMS-evoked potentials recorded at one electrode under the stimulator (black trace)
and the respective significance threshold (upper and lower boundaries of the pink bands; bootstrap statistics, P < 0.01) are shown. The
sources involved by maximum cortical currents (10 most active sources) during the significant post-stimulus period of the global mean field
power are plotted on the cortical surface and colour-coded according to their location in six anatomical macro-areas as indicated in the
legend; the number of detected sources is indicated at the top right of each map. The time-series (colored traces) represent TMS-evoked
cortical currents recorded from an array of six sources (black circles on the cortical map in the legend) located ~2 cm lateral to the midline,
one for each macro-area (Supplementary Fig. 1). The white crosses mark the sites of stimulation. For all patients, the responses to the left
parietal cortex stimulation are shown, except for one patient (Patient 5) in whom a significant response could only be detected in the right
hemisphere (Supplementary Fig. 2). EEG positivity is upward. L = left; R = right.

at the time of recording, could signal that they were fully aware
through vertical eye movements. In Fig. 3 the number of sources
involved by the propagation of TMS-evoked maximum currents
(effective connectivity) is reported for all TMS/EEG sessions (Fig.
3A), all sites of stimulation (Fig. 3B) and all patients; clear-cut dif-
ferences in cortical effective connectivity discriminate between in-
dividual patients in a vegetative state and patients in a minimally
conscious state with a stable clinical diagnosis (Group | in Fig. 3A
and B).

Cortical effective connectivity recovers
in the brain of patients who recover
their ability to communicate

If effective connectivity among thalamocortical modules is a key
neurophysiological mechanism for some level of consciousness to

emerge, then it should clearly recover in the brain of an individual
patient before he recovers his ability to communicate reliably. To
test this hypothesis we performed longitudinal TMS/EEG measure-
ments in a group of five patients (Group II) who were recruited
from the intensive care as soon as they awakened from coma. As
assessed by means of the CRS-R (Supplementary Table 2), three
of these patients (Fig. 2A and Supplementary Fig. 3A) recovered
consciousness and functional communication, evolving from a
vegetative state through minimally conscious state to emergence
from minimally conscious state, whereas two patients (Fig. 2B and
Supplementary Fig. 3B) remained in a vegetative state. In all cases
the first TMS/EEG session (Session 1) was performed at least 48 h
after withdrawal of sedation, when patients opened their eyes and
were diagnosed as in a vegetative state. At this time, similar to the
patients in a vegetative state in Group I, TMS evoked a simple
wave and a local pattern of activation or no response at all
(Patient 17, anoxic) (Fig. 2B, Supplementary Fig. 3B and 4).
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Figure 2 Clinical evaluation and TMS-evoked cortical responses in Group Il patients. CRS-R total scores are plotted for the patients
who were studied longitudinally (Group I1) and eventually emerged from a minimally conscious state (EMCS, A) or remained in a
vegetative state (VS, B); the first assessment (Session 1) was carried out 48 h after withdrawal of sedation, as patients exited from coma.
The symbols indicate the associated clinical diagnosis (filled circles = vegetative state; filled triangles = minimally conscious state; filled

(continued)



TMS/EEG in disorders of consciousness

Following Session 1, two additional TMS/EEG sessions were per-
formed in the three patients who eventually recovered conscious-
ness: Session 2 was recorded as soon as they satisfied the CRS-R
criteria for minimally conscious state and Session 3 when they
recovered functional communication and emerged from the min-
imally conscious state. In these patients, TMS triggered a complex
pattern of activation that sequentially involved a large set of cor-
tical areas already during Session 2; this response was substantially
different from the simple, local activation of Session 1 and was
instead comparable to the one obtained in Session 3, when sub-
jects had recovered their ability to communicate (Figs 2A and
3 and Supplementary Fig. 3A). In the two patients who did not
show any clinical improvement beyond vegetative state, a second
TMS/EEG measurement (Session 2) was performed >1 month
after Session 1 and showed either a local, simple wave of acti-
vation (Patient 16) or no response (Patient 17, anoxic), although
subjects were awake and open-eyed when their brains were sti-
mulated (Figs 2B, 3, Supplementary Fig. 3B and 4). The results of
Group Il experiments are also reported in Fig. 3 and indicate that
the breakdown of effective connectivity observed in patients in a
vegetative state can be reversible and that a substantial improve-
ment in the brain's ability to sustain internal communication
occurs at an early stage during recovery of consciousness,
before reliable communication can be established with the
patient.

The recovery of cortical effective
connectivity is not contingent on
overt changes in the background
electroencephalogram spectrum

Patients in a vegetative state showed a local response to TMS
whether they were behaviourally ‘awake’ (eyes open) or ‘asleep’
(eyes closed) (Supplementary Fig. 5), suggesting a dissociation be-
tween the mechanisms of cortical integration and behavioural
arousal. Therefore, we assessed whether changes in effective con-
nectivity could also be dissociated from changes in electrophysio-
logical arousal (EEG activation). Spectral analysis of spontaneous
EEG (see 'Materials and methods’ section) showed, at the
group-level, a significant increase of high-frequency oscillations
(e- and B-bands) in locked-in syndrome-emergence from mini-
mally conscious state compared with the minimally conscious

Figure 2 Continued
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state (one-way ANOVA testing group differences, followed by
post hoc Bonferroni corrected t-test) (Supplementary Table 3). In
contrast, in spite of a clear-cut change in the electrical response to
TMS, no systematic changes of the background EEG could be de-
tected between vegetative state and minimally conscious state both
at single subject (Fig. 4) and at the group level (Supplementary
Table 3), consistent with previous reports (Kotchoubey et al.,
2005). These results suggest that the transition from vegetative to
minimally conscious state involves a substantial improvement of ef-
fective connectivity that is not necessarily associated with an obvi-
ous change in the level of activation of the ongoing EEG.

Discussion

In this work we employed TMS/EEG to measure cortical effective
connectivity at the bedside of patients emerging from coma after
severe brain injury. The specific aim of the present study was to
develop a novel approach to detect and track the neural correlates
of recovery of consciousness in non-communicating patients.
This approach can complement event-related EEG potential proto-
cols and functional MRI active paradigms because it does not rely
on a subject’s ability to process sensory stimuli, to understand and
follow instructions or communicate; instead, it aims at gauging
directly the ability of distributed thalamocortical modules to inter-
act among each other on a millisecond time-scale, a condition that
is considered critical for consciousness to emerge (Tononi, 2004;
Laureys, 2005; Tononi and Koch, 2008; Alkire et al., 2008; Seth
et al., 2008). Practically, such an approach can be important be-
cause the capacity of brain-injured patients to interact with the
external environment may be impeded by lesions of sensory/
motor pathways and cortices, by difficulties in language compre-
hension (Majerus et al., 2009) and may fluctuate significantly over
time (Monti et al., 2010b). It could prove especially useful in pa-
tients at the lower boundary of consciousness, by providing an
objective biomarker that could be used to monitor and guide
their rehabilitation and treatment (Schiff, 2010; Shah and Schiff,
2010).

As in previous studies (Massimini et al., 2005, 2010; Ferrarelli
et al., 2010), in order to probe the ability of distributed thalamo-
cortical modules to interact, we stimulated a subset of cortical
neurons with TMS and performed EEG source modelling to
detect, on a millisecond time-scale, the chain of effects triggered

squares = emergence from minimally conscious state). Coloured arrow tips mark the days when TMS/EEG recordings were performed and
the time of TMS delivery (black = Session 1; blue = Session 2; red = Session 3). For every patient and measurement, averaged potentials
triggered by TMS (vertical dashed lines) of parietal cortex and recorded from the electrode under the stimulator are shown. The cor-
responding spread and the time-course of the cortical currents evoked by TMS is measured. The sources involved by maximum neuronal
currents during the significant post-stimulus period are plotted on the cortical surface and colour-coded according to their location in six
anatomical macro-areas (Fig. 1); the number of detected sources is indicated at the top right of each map. The time-series represent
TMS-evoked cortical currents recorded from an array of six sources (see their locations in Fig. 1) located ~2 c¢m lateral to the midline, one
for each macro-area. The white crosses mark the sites of stimulation; in each patient, the left parietal cortex was stimulated when patients
entered a vegetative state from coma (Session 1), soon after transition to a minimally conscious state or at least 30 days of permanence in a
vegetative state (Session 2) and after emergence from a minimally conscious state (Session 3), when subjects recovered functional
communication. See Supplementary Fig. 3 for the remaining cortical sites targeted in patients from Group II. EEG positivity is upward.
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Figure 3 Effective connectivity for all patients and TMS/EEG
measurements. (A) For each patient and TMS/EEG measure-
ment (same measurements as Figs 1 and 2), the number of
sources involved by TMS-evoked currents are plotted. The cir-
cles indicate the clinical diagnosis at the time of recording [open
black circles for vegetative state (VS); open blue circles for
minimally conscious state (MCS); open red circles for emergence
from minimally conscious state (EMCS) and filled red circles for
locked-in syndrome (LIS)]. (B) The number of cortical sources
involved by maximum cortical currents detected in all TMS/EEG
measurements (n = 72) is plotted for all patients (Group | on the
left and Group Il on the right). Each value refers to one cortical
target and is marked according to both the site of stimulation
(the correspondence between symbols and stimulation sites is
graphically reported on the cortical map in the /eft upper corner)
and the CRS-R diagnosis at the time of recording (black for
vegetative state; blue for minimally conscious state; red for
locked-in syndrome in Group | and emergence from minimally
conscious state in Group II). In all cases, effective connectivity is
higher in patients who showed some level of consciousness
(minimally conscious state, emergence from minimally conscious
state and locked-in syndrome) compared to patients in a vege-
tative state. An exception is represented by the three measure-
ments (left parietal, left frontal, right frontal) performed in
Patient 15 during Session 2 (open black circles indicated by
arrows). This patient was diagnosed as being in a minimally
conscious state the day before the measurement, slipped back
into a behavioural vegetative state on the day of Session 2 and
within days, was reassessed clinically as being in a minimally
conscious state and then emerged from minimally conscious
state (during Session 3). Effective connectivity was null in the
two anoxic subjects (Patient 4 from Group | and Patient 17 from
Group ).
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in the rest of the brain by this initial perturbation. Compared to
methods based on the observation of resting brain activity, this
perturb-and-measure approach (Paus, 2005) readily dissociates
functional connectivity (temporal correlations) from effective con-
nectivity (causal interactions), which is defined as the ability of a
subset of neurons to causally affect the activity of other groups of
neurons (Friston, 2002; Lee et al., 2003). Recent studies have
shown that by employing TMS/EEG and source modelling it is
possible to detect patterns of effective connectivity that are gen-
erally predicted by main anatomical pathways (llmoniemi et al.,
1997; Litvak et al., 2007; Morishima et al., 2009; Casali et al.,
2010). On the other hand, since TMS tends to activate a large set
of cortical axons in a way that is difficult to control fully (Wagner
et al., 2007), this technique is more likely to provide a coarse
rather than a fine-grained estimation of effective connectivity. In
the present context, a broader estimation of effective connectivity
may constitute an advantage, since theoretical works (Tononi,
2004; Tononi and Koch, 2008), experimental data (Maandag
et al., 2007; Alkire et al., 2008; Shulman et al., 2009) and clinical
evidence (Markowitsch and Kessler, 2000; Mataro et al., 2001;
Schiff, 2010) suggest that consciousness depends not so much
on some specific circuits, but rather on the capacity of distributed
regions of the brain to interact through divergent cortico—cortical
and cortico-thalamo—cortical connections. Indeed, as demon-
strated by previous experiments, TMS/EEG measures of effective
connectivity can distinguish readily between conditions in which
consciousness is present (alert wakefulness, dreaming) (Massimini
et al.,, 2005, 2010) and conditions in which consciousness is
reduced, or lost (sleep and anaesthesia) (Massimini et al., 2005;
Ferrarelli et al., 2010).

Figure 3 summarizes the results obtained after applying TMS in
all 17 patients and shows that it is possible to discriminate reliably
between a vegetative and minimally conscious state, at the
single-subject level. Crucially, this discrimination was achieved in
a way that is completely independent on the patient’s ability to
exchange information with the surrounding environment. The fact
that TMS/EEG detected a clear-cut difference between vegetative
state and minimally conscious state (unconsciousness versus
low-level of consciousness) but not between minimally conscious
state, emergence from minimally conscious state and locked-in
syndrome (lower versus higher levels of consciousness) suggests
that the availability of effective interactions among thalamocortical
modules may be a critical mechanism that correlates closely with
the presence/absence of a minimal level of consciousness. This
aspect is particularly relevant if one considers that the most chal-
lenging task at the bedside is distinguishing between patients in a
vegetative state and non-communicating patients in a minimally
conscious state (Majerus et al., 2005). As an example, in the pre-
sent work, TMS/EEG detected the resumption of rapid, effective
intracortical interactions in the brain of a patient (Patient 15) who
(during Session 2) had temporarily slipped back into a clinically
vegetative state, possibly due to transient fluctuations in her ability
to interact with the environment; this patient was reassessed clin-
ically as minimally conscious state and then emerged from mini-
mally conscious state.

Clearly, validating an objective marker of consciousness that can
be applied to patients that are unable to interact with the external
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Figure 4 EEG spectra show evident changes from minimally conscious state (MCS) to emergence from minimally conscious state (EMCS)
but not from vegetative state (VS) to minimally conscious state. Spontaneous EEG traces (5s) and EEG spectra (calculated on 2 min;

average of 5 epochs) are shown for the five subjects who underwent longitudinal recording sessions (Group I1); in these patients, changes
in the EEG spectrum were assessed statistically by means of a two-tailed paired t-test. The dotted lines at the bottom of each plot indicate the
frequency bins that show statistically significant differences of power (t-test, P < 0.01). EEG positivity is upward. n.u. = normalised units.

environment is challenging by definition, since, in these cases,
there is no behavioural reference to assess the presence of con-
sciousness. In an attempt to overcome this circularity, we have

previously tested TMS/EEG measures

in

states

in  which

consciousness is unambiguously present

[alert wakefulness

(Massimini et al., 2005), dreaming (Massimini et al., 2010)] or
unambiguously reduced [early slow wave sleep (Massimini et al.,
2005), general anaesthesia (Ferrarelli et al., 2010)]. Here, we
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demonstrate that TMS/EEG measures are reliable when they are
applied to brain-injured patients with a stable clinical diagnosis
(Group ) and that they are sensitive in detecting a clear-cut re-
surgence of cortical effective connectivity in the brains of individ-
ual patients who gradually recover consciousness and functional
communication (Group II). In future works, the same approach
should be further tested, in a back-and-forth process, both in def-
inite and in ambiguous clinical conditions, such as the one of
Patient 15. It will be equally important to directly compare the
ability of TMS/EEG to discriminate between vegetative and min-
imally conscious states at the individual level with the diagnostic
capacity of other neurophysiological methods, such as peripherally
evoked potentials (Kotchoubey et al., 2005; Bekinschtein et al.,
2009; Fischer et al., 2010; Boly et al., 2011) and long-term EEG
recordings (Landsness et al., 2011). The lack of a direct compari-
son with other techniques represents a clear limitation of the
present study and is due to logistical and time constraints (in
each patient, we stimulated from two to four cortical sites) in
the intensive care unit. For now, we can only compare the pre-
sent results to the current literature and, in particular, to a
number of works in which the mismatch negativity was evaluated
systematically in patients in a vegetative state and patients in a
minimally conscious state. Altogether, this body of literature sug-
gests that, while the mismatch negativity may differ significantly
between vegetative state and minimally conscious state at the
group level, it does not discriminate reliably between these two
conditions at the individual patient's level; in fact, this late com-
ponent may be undetectable in a large proportion (up to 60%) of
patients who are behaviourally in a minimally conscious state
(Kotchoubey et al., 2005; Fischer et al., 2010; Holler et al.,
2011). Since in the present study we found consistent TMS/
EEG results across sites of stimulation, in future work it will be
feasible to directly compare the EEG response to TMS of a single
cortical area with a battery of sensory evoked potentials (N20,
mismatch negativity and P3b) recorded in the same patient, on
the same day. These joint measurements will be crucial to pre-
cisely quantify the relative diagnostic power of complementary
neurophysiological techniques that may enter the routine evalu-
ation of severely brain-injured patients. To this regard, the pre-
sent experiments show that, like peripheral evoked potentials,
TMS-evoked potentials can be recorded at the patient's bedside,
in the intensive care unit. A technical disadvantage of TMS/EEG is
that it requires a more complex set-up, which includes a TMS
main unit, a TMS-compatible EEG amplifier and, ideally, a navi-
gation system in order to precisely target TMS on the cerebral
cortex. Navigating TMS based on prior anatomical knowledge
(CT or MRI scan) may be especially important in the assessment
of brain-injured patients for two reasons. First, because it allows
avoiding obvious cortical lesions and stimulating the cortical sur-
face at supra-threshold intensity (see ‘Materials and methods'
section and Casali et al., 2010) and second (and most important)
because it ensures high test-retest reproducibility when TMS-
evoked potentials are performed longitudinally (Lioumis et al.,
2009; Casarotto et al., 2010). Hardware solutions aside, develop-
ing TMS/EEG towards routine clinical applications may require the
implementation of a standard, fast data analysis procedure to
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calculate the spatial-temporal complexity of the cortical response
to TMS.

Besides their potential diagnostic value, TMS/EEG measure-
ments may provide novel insights on the physiopathology of dis-
orders of consciousness as well as a valuable marker to guide
rehabilitation and treatment (Giacino et al., 2006; Shah and Schiff,
2010). In patients in a vegetative state, who were aroused but un-
aware, TMS failed to trigger complex, long-range activations point-
ing to a dissociation between arousal and the mechanisms of
thalamocortical integration. In patients in a vegetative state
caused by anoxia (Patients 4 and 17) no significant EEG responses
could be elicited, even when TMS was delivered at high intensity at
multiple stimulation sites (Fig. 3 and Supplementary Fig. 4), consist-
ent with an extensive necrosis of the cerebral cortex (Kinney and
Samuels, 1994). In non-anoxic patients in a vegetative state TMS
elicited, at both frontal and parietal sites, a strong response that
remained local (Figs 1, 2, Supplementary Fig. 2 and 3) corroborating
the notion that the brain of these patients may retain islands of
cortex (including associative areas) that are responsive, but recipro-
cally disconnected (Schiff et al., 2002; Laureys et al., 2004).
According to post-mortem (Adams et al., 2000) and in vivo
(Fernandez-Espejo et al., 2011) neuropathological studies, this dis-
connection is primarily structural and may be largely due to wide-
spread injury of cortico—cortical fibres but also to thalamic damage,
leading to a substantial impairment of cortico-thalamo—cortical cir-
cuits. Notably, the present results indicate that, in addition to the
anatomical damage, functional disturbances in thalamocortical net-
works may play a significant role. Indeed, in non-anoxic patients in a
vegetative state TMS triggered a slow wave similar to the one re-
corded during sleep (Massimini et al., 2005, 2007) and anaesthesia
(Ferrarelli et al., 2010) suggesting that, besides structural lesions and
disconnections, functional alterations such as disfacilitation (Englot
et al., 2010), network bistability (Massimini et al., 2009b) and
altered excitation—inhibition balance (Schiff, 2010), may contribute
to the overall impairment of effective connectivity. These alterations
were possibly reversed in the patients of Group Il in whom repeated
TMS/EEG measurements revealed a resumption of fast, long-range
interactions, which paralleled recovery of consciousness; further
measurements should be performed, longitudinally, at the bedside
of patients who recuperate spontaneously and in patients who
undergo pharmacological treatment (Brefel-Courbon et al., 2007),
or protocols of neuromodulation (Schiff et al., 2007), in order to
gain better insight on the mechanisms of recovery of consciousness
after brain injury.
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